ABSTRACT: Members of the public are always somewhat aware of foodborne and other zoonotic pathogens; however, recent illnesses traced to produce and the emergence of pandemic H1N1 influenza virus have increased the scrutiny on all areas of food production. The Council for Agricultural Science and Technology has recently published a comprehensive review of the fate and transport of zoonotic pathogens that can be associated with swine manure. The majority of microbes in swine manure are not zoonotic, but several bacterial, viral, and parasitic pathogens have been detected. Awareness of the potential zoonotic pathogens in swine manure and how treatment, storage, and handling affect their survival and their potential to persist in the environment is critical to ensure that producers and consumers are not at risk. This review discusses the primary zoonotic pathogens associated with swine manure, including bacteria, viruses, and parasites, as well as their fate and transport. Because the ecology of microbes in swine waste is still poorly described, several recommendations for future research are made to better understand and reduce human health risks. These recommendations include examination of environmental and ecological conditions that contribute to off-farm transport and development of quantitative risk assessments.
INTRODUCTION
Animal manure management systems in the United States are designed to store, treat, and apply to land solid, semisolid, slurry, or liquid manure (i.e., urine and fecal material) on agricultural fields after removal from the animal environment. Manure processed in swine management systems is usually in liquid (1 to 4% solids), slurry (4 to 15% solids), or semisolid form, and land application most often involves spreading on fields as fertilizer (Dickey et al., 1981; Copeland and Zinn, 1998; Hill, 2003) . The majority of these management systems are designed to reduce the concentrations of microbes found in swine manure by 90 to 99% or more (Sobsey et al., 2005) and to prevent off-farm transport of manure materials (i.e., nondischarge systems). The majority of microbes contained in swine manure are not pathogenic to humans (i.e., zoonotic). Nonetheless, the effectiveness of swine manure management systems to prevent environmental contamination with human pathogens is a concern because there are several putative environmental transmission pathways by which these zoonotic pathogens may be transported to water resources.
Manure treatment systems may include multiple mechanisms of physical, biological, or chemical treat-ment of manure. Most treatment technologies used in swine production, however, rely on physical and biological treatment of manure to decrease nutrient and microbial concentrations before removal from the system. Table 1 provides some of the more commonly used waste management systems in swine production facilities. This review summarizes Council for Agricultural Science and Technology Special Publication No. 29, "Fate and Transport of Zoonotic Bacterial, Viral, and Parasitic Pathogens During Swine Manure Treatment, Storage, and Land Application" (Council for Agricultural Science and Technology, 2008) . The Pork CheckOff commissioned this review to define the fate and transport of zoonotic pathogens after manure storage and land application to determine researchable knowledge gaps and to aid in developing research priorities related to pork production.
BACTERIAL HAZARDS ASSOCIATED WITH SWINE MANURE
Determining the environmental fate of bacterial pathogens from swine manure is extremely difficult.
Biological variables include pathogen shedding by individual pigs; microbial interactions within stored manure; inoculation of stored manure each time a pig sheds pathogens; interactions with water, OM, aquatic plants, and plankton; and interactions with plants, nematodes, OM, and soil microorganisms after land application. Physical variables include type of manure storage, temperature and humidity during storage, soil type, temperature, moisture, water, pH, salinity, and rainfall events. The most studied aspect of this topic has been fecal shedding of pathogens, but understanding is still limited (USDA, 2002 (USDA, , 2005 . Although some research indicates that pathogens in swine manure do not survive long after they are applied to the soil, other data contradict this, indicating relatively long survival times in soil and water (Table 2 ). There is a great need for good hypothesis-driven research to determine the factors that affect the environmental survival and persistence of zoonotic pathogens contained in swine manures.
In 1999, the US General Accounting Office reported on waste management practices used in animal agriculture (US General Accounting Office, 1999), and Hume- Usage not reported for the following types of waste-handling systems: 1) confinement building under slat-scrape, gravity-drainage, or flush system (removal of semisolid, liquid, or slurried wastes from animal environment); 2) surface or subsurface flow constructed wetlands (biological treatment of liquid wastes), or 3) anaerobic digester (biological treatment of liquid and slurried wastes; methane production for energy recovery) technologies.
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Estimated percentage of US swine facilities using the system (USDA, 2002) . Some facilities use more than one management technology, resulting in the total percentage exceeding 100%. Jones et al. (1976) , Van Renterghem et al. (1991) , Lund (1996) , Guan and Holley (2003) , Brandl et al. (2004) , Bhaduri et al. (2005) , Côté and Quessy (2005) , Gütler et al. (2005) , Hutchison et al. (2005a,c) , Nicholson et al. (2005) , Rostagno et al. (2005) , USDA (2005) , and Bhaduri and Wesley (2006) . nik et al. (2004) summarized environmentally superior technologies in swine production facilities. Whereas many of these practices emphasized limiting nutrient loading, runoff, and other ecologically sound practices, none specifically addressed the control of zoonotic pathogens, even though the US Environmental Protection Agency (1998) cited bacteria as one of the top 3 sources of impairment in rivers and estuaries.
Zoonotic bacterial pathogens that have been associated with swine manure include Bacillus anthracis, Brucella spp., Campylobacter spp., Chlamydia spp., Escherichia coli, Leptospira spp., Listeria monocytogenes, Mycobacterium spp., Salmonella spp., and Yersinia spp. These pathogens may be transmitted either through direct contact with the manure or indirectly through the environment (Strauch and Ballarini, 1994; Pell, 1997) . The most frequently studied enteric pathogens occurring in swine manure are Salmonella, E. coli, Campylobacter, Listeria, and Enterococcus. Lack of data on other bacterial pathogens in swine manure results from the difficulty in culturing and identifying them. Understanding the implications of the persistence of swine-associated zoonotic pathogens during storage, treatment, and land application is important for assessing and controlling their presence in the environment.
Because the epidemiology (i.e., occurrence) of fecal shedding of the most common zoonotic bacterial enteric pathogens is well described elsewhere (USDA, 2002 (USDA, , 2005 , this review focuses on the persistence of the best characterized bacterial pathogens (i.e., Salmonella, E. coli, Campylobacter, Listeria, and Enterococcus) contained in stored swine manure (Jones et al., 1976; Anugwa et al., 1989; Davies et al., 1997 Davies et al., , 1998 Chinivasagam et al., 2004; Hutchison et al., 2005a) , the effects of land application (Pillai et al., 1996; Lewis and Gattie, 2002; Gerba and Smith, 2005) , their survival in soil (Van Renterghem et al., 1991; de Freitas et al., 2003; Santamaría and Toranzos, 2003; Brandl et al., 2004; Hutchison et al., 2004; Côté and Quessy, 2005; Nicholson et al., 2005) , the effects of runoff events (Van Donsel et al., 1967; Saini et al., 2003; Tyrrel and Quinton, 2003; Malik et al., 2004) , and their presence in water (Blaser et al., 1980; Lund, 1996; Jones, 2001; Nevecherya et al., 2005) . Table 2 presents a summary of data on zoonotic pathogen prevalence and survival. As this table demonstrates, studies vary widely in the reported presence and survival of zoonotic pathogens, depending on the studied growth conditions, sensitivity of culture media, and swine production system. Data supporting the prevalence in swine manure are the most abundant and come from survey types of studies (Van Renterghem et al., 1991; Guan and Holley, 2003; Bhaduri et al., 2005; Gütler et al., 2005; Hutchison et al., 2005a; Nicholson et al., 2005; USDA, 2005; Bhaduri and Wesley, 2006) . There is little information on the survival of these pathogens in swine manure representing on-farm conditions, where urine and feces are being added on a continual basis, because most studies take samples away from the storage unit and hold them in laboratory conditions.
Unfortunately, survival studies of zoonotic pathogens from swine manure on plants (Herikstad et al., 2002; Dong et al., 2003; Kühn et al., 2003; Hutchison et al., 2005c) , in the soil, and in water are limited. Effects of soil type, pH, and moisture content on the survival and persistence of swine manure pathogens have not been studied systematically. There is a need for good hypothesis-driven research on the prevalence and survival of swine manure pathogens beyond the typical survey work currently available in the literature. Further research is needed for land application of manure with regard to pathogens in bioaerosols; transport into soil, through soil, or both; and the potential to enter water via infiltration or runoff. Although the enteric pathogens have been the most studied to date, more research is needed on the amounts of other zoonotic pathogens in swine manure as well as on their survival and dissemination in soil and water. More information is needed on how different climate and soil factors affect the ability of these bacteria to persist in and be transported through soil and water.
COMMON VIRUSES OF SWINE

Influenza
Influenza virus is a zoonotic agent that can be transmitted easily between animals and humans (Castrucci et al., 1993; Webby and Webster, 2001) . The broad host range of influenza viruses includes humans, pigs, birds, marine mammals, horses, mink (Webster, 1997) , cats (Thanawongnuwech et al., 2005) , and dogs (Crawford et al., 2005) . Infection of humans with swine influenza virus has occurred sporadically (Dacso et al., 1984; Wells et al., 1991; Alexander and Brown, 2000) , causing clinical disease of varying severity and transmissibility, but occasionally, some occurrences have been fatal. There is strong evidence that swine veterinarians, swine farmers, and meat-processing workers are at increased risk of swine influenza virus infection compared with people who have no exposure to swine (Olsen et al., 2002; Myers et al., 2006) .
As enveloped viruses, influenza viruses are sensitive to heat, lipid solvents, detergents, irradiation, and oxidizing agents. The influenza viruses are considered environmentally labile outside the host (Quinn et al., 2002) . The Centers for Disease Control and Prevention (2005) recommends chemical disinfection with a 1:10 dilution of household bleach or with any of several of the H Registered Antimicrobial Products for Medical Waste Treatment on the list of the US Environmental Protection Agency, including calcium oxide, sodium chloride, sodium dichloro-s-triazinetrione (e.g., swimming pool chlorine), glutaraldehyde, and quaternary ammonium compounds (US Environmental Protection Agency, 2005) . The effectiveness of any disinfectant can be reduced in the presence of OM that alters the pH, temperature, or both.
Hepatitis E Virus
Swine hepatitis E virus (HEV), a novel virus closely related genetically and antigenically to human HEV, was discovered and characterized by Meng et al. (1997) . Pigs experimentally and naturally infected by swine HEV remain clinically normal but develop microscopic lesions; in the United States, approximately 60 to 100% of pigs are infected (Meng et al., 1997) . Cases of acute hepatitis E also have occurred in patients from industrialized countries, including the United States (Hsieh et al., 1999; van der Poel et al., 2001; Takahashi et al., 2003; Yazaki et al., 2003) . The main route of transmission for HEV is believed to be fecal-oral. Cross-species infections of human and swine HEV have been documented (Meng et al., 1998a,b; Halbur et al., 2001) .
It has been demonstrated that infected pigs shed large amounts of viruses in feces (Meng et al., 1998b; Halbur et al., 2001; Williams et al., 2001 ). Because of the ubiquitous nature of swine HEV in pigs and the large amount of viruses excreted in feces, swine manure could contaminate irrigation and drinking water in nearby wells, rivers, ponds, or coastal water (Smith et al., 2001) . Swine HEV has been detected in swine manure and wastewater associated with hog operations (Karetnyi et al., 1999) and in concrete pits and earthen lagoons of swine manure storage facilities (Kasorndorkbua et al., 2005) . Unfortunately, it is not known how long the virus can survive in swine manure and remain infectious or what effect the manure storage and treatment will have on the infectivity of HEV. Future research is warranted to assess the survivability of HEV in swine manure and in different environmental regimens.
Enteric Calciviruses (Noroviruses and Sapoviruses)
Caliciviruses include Norovirus (NoV), Sapovirus (SaV), Vesivirus, and Lagovirus. Viruses in the NoV and SaV genera cause diarrhea in humans and animals and are referred to as human or animal enteric caliciviruses (Green et al., 2001) . The identification of closely related animal enteric caliciviruses in pigs and the existence of recombinants within human and porcine strains (Jiang et al., 1999; Katayama et al., 2002 Katayama et al., , 2004 raise concerns regarding possible transmission between animals and humans. Wang et al. (2004) reported that porcine NoV (PoNoV) were detected only in fecal samples collected from finisher pigs, but not from those collected from nursing pigs, postweaning pigs, or sows. Most positive samples in this study were from healthy animals, indicating that, as previously observed for human NoV infections (Rockx et al., 2002) , asymptomatic shedding of PoNoV occurs in adults, contributing to virus persistence in the field. Sapovirus in humans primarily has been associated with acute gastroenteritis in young children (Chiba et al., 2000) . The porcine SaV has emerged as an important pathogen associated with diarrhea and subclinical infections among pigs of all ages (Wang et al., 2006; Jeong et al., 2007; Martella et al., 2008) . Enteric viruses are acid stable and can survive in the gastrointestinal tract. Most viruses remain infectious after refrigeration and freezing and also retain their infectivity after heating to 60°C for 30 min. Chlorine-based disinfectants are considered the most effective against enteric viruses.
After application of contaminated manure to land, the potential for environmental contamination may exist, including possible spread to other areas resulting from increased rainfall, overflow, or aerosol (Tyrrel and Quinton, 2003) . Although the virus concentration will be less in water, the low infectious dose of human NoV (as few as 10 to 100 particles; Moe et al., 1999) and its ability to survive increase the risk of outbreak when contaminated water sources are used in food processing or as public water supplies (Hoebe et al., 2004; Ueki et al., 2004) . For animal enteric caliciviruses, the first study to investigate the effect of environmental technologies on the fate of these pathogens in animal manure under field conditions was performed recently (Costantini et al., 2007) . These authors evaluated 5 different environmental technologies and a conventional swine operation where storage and treatment of manure was in wastewater lagoons (Table 3 ). The porcine SaV and PoNoV were detected in fresh feces before treatment, but neither virus type was detected after any treatment.
Rotavirus
Rotaviruses (RV) are the leading cause of acute viral gastroenteritis in the young of both avian and mammalian species, including pigs and humans (Saif et al., 1994; Yuan et al., 2006) . The RV from group A are the main agents of viral diarrhea in piglets, accounting for 53% of preweaning and 44% of postweaning diarrhea in swine (Fitzgerald et al., 1988; Saif et al., 1994; Yuan et al., 2006) ; non-group A can be detected within the same herd (Janke et al., 1990; Geyer et al., 1995; Kim et al., 1999) . The presence of RV in livestock is a potential public health problem whose significance is increased by the detection in humans of serotypes and genotypes of animal strains and vice versa. Human strains also have been detected in pigs (Racz et al., 2000; Martella et al., 2001; Palombo, 2002) . Moreover, in the last 3 yr, evidence has been reported for the presence of 3 different porcine strains circulating in humans (Laird et At least 4 major conclusions can be drawn from studies of RV in the environment (Ansari et al., 1991; Pesaro et al., 1995; Brooks et al., 2005; Pillai, 2007) . First, animal RV present in the farm are shed in increased concentrations. Second, they have increased environmental stability in manure, air, soil, and water. Third, they can be disseminated directly or indirectly to other geographical points inside or outside the farm. Finally, in recent years, as newer molecular diagnostic techniques have been used, evidence has been accumulating to support the potential zoonotic transmission of RV. Previous studies focused on anaerobic inactivation of animal viruses in pits, one of the most commonly used systems at that time, and indicated that at least a 4-mo period was required to inactivate RV, with a potential risk of environmental contamination as a consequence of pit breaks, infiltration into soil, or dissemination from the surface (Pesaro et al., 1995) .
Recently, superior environmental technologies have been developed to decrease the impact of environmental contamination by different treatments, including hightemperature anaerobic digester, biofiltration solids separation. (Humenik et al., 2004) . In an attempt to study RV survival after application of these technologies, the presence of RV in fresh feces of swine and their survival after treatment were assessed (Costantini et al., 2007 ; Table 3 ). These results indicated that only the RNA of RV-A and RV-C, but not viral infectivity, was detected after treatment, indicating that all technologies were effective in reducing virus infectivity.
Rotaviruses are nonenveloped viruses, resistant to inactivation by ether, chloroform, detergents, many chemical disinfectants, and antiseptics (Abad et al., 1998) . Phenols, formalin, chlorine, and 95% ethanol have been shown to be effective (Sattar et al., 1994; Yuan et al., 2006) . Additionally, UV inactivation has been shown to be effective for inactivation of RV (Smirnov et al., 1991; Battigelli et al., 1993; Ojeh et al., 1995) . All these studies were done using viruses in buffered solutions, however, and the influence of solid organic material has not been evaluated.
FATE AND TRANSPORT OF ZOONOTIC PARASITE PATHOGENS
Several helminth worm and protozoal parasites of swine are infectious to humans, but human infection usually results from ingestion of raw or undercooked meat rather than from exposure to infected feces. Among the protozoal and helminth parasites known to infect both swine and humans, uncertainty regarding host specificity and parasite prevalence complicates the understanding of the human health risk associated with zoonotic parasites of swine in the United States. For example, molecular analysis of Giardia spp. has indicated that this protozoal parasite may have a moderate level of host specificity (Thompson, 2004; Cacciò et al., 2005) . Of the 7 Giardia molecular assemblages, only 2, A and B, are associated with human infection. Although Cryptosporidium parvum has been isolated from 155 host species and was once thought to have little host specificity, recent molecular analysis of isolates has revealed significant differences and has identified new host-adapted species (Fayer, 2004) . Even host-adapted strains, however, exhibit significant zoonotic transmission in most instances. Because animals are housed mostly on concrete instead of on soil, helminth parasites are considered well controlled. Consequently, only the nematode Ascaris and relevant protozoal parasites are discussed here.
Ascaris suum
Ascaris is one of the most common worms infecting humans worldwide. Approximately 25% of the global population is infected with this parasite (O'Lorcain and Holland, 2000) . Human Ascaris infection is associated with Ascaris lumbricoides and pig infection with Ascaris suum. These 2 worms have identical life cycles and generally are very similar, so there is some controversy regarding whether they truly represent different species or are host-adapted subpopulations (O'Lorcain and Holland, 2000; Nejsum et al., 2005) . Nonetheless, 
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host specificity has been demonstrated, in that A. suum parasites will not reach maturity in the human intestine, and molecular studies have demonstrated that human infection with Ascaris worms molecularly identical to pig worms seems to represent a cross-infection (Anderson and Jaenike 1997) . Ascaris suum remains one of the most common helminth parasites of pigs. Although intensive management and anthelmintic therapy have decreased the incidence of A. suum in swine significantly (Roepstorff, 1997) , its fecundity and environmental persistence prevent its complete eradication from modern swine herds. A 5-yr study (1977 to 1981) of a single total confinement herd in Georgia found that Ascaris prevalence was greatest in gilts, ranging from 33.3 to 86.2% in gestation-age gilts compared with 6.4 to 29.2% in sows (Marti and Hale, 1986) . In 1988, a US survey found that 70% of farms had evidence of this parasite (Kennedy et al., 1988) .
The risk of human exposure to A. suum eggs depends on the parasite burden in the herd and the persistence of infective eggs during manure storage, treatment, and disposal. According to the 2000 USDA National Animal Health Monitoring System study of swine facilities, approximately 51% of operations store swine manure in underground pits (USDA, 2002) . After 4 wk of storage in untreated slurry, 80% of A. suum eggs were still able to develop; egg viability decreased under these conditions to 40% at 8 wk and to 0% at 16 wk (Gaasenbeek and Borgsteede, 1998) . Anaerobic lagoon storage conditions, used by approximately 23% of US swine operations, seem to be more favorable to egg survival (USDA, 2002). Gaasenbeek and Borgsteede (1998) observed enhanced survival of A. suum eggs under anaerobic conditions compared with A. suum eggs in untreated slurry, reporting 80% viability after 12 wk. Similarly, more than 80% of eggs were viable after 20 d of anaerobic stabilization (Juris et al., 1996) in tanks designed to simulate anaerobic lagoon stabilization. Ensiling of swine manure had no effect on the observed A. suum egg count, and approximately 70% of recovered eggs remained viable after 56 d of treatment (Caballero-Hernández et al., 2004) .
To examine the possibility of environmental transport after land application of swine manure, egg survival was assessed in swine slurries land-applied on outdoor plots under varying conditions of sun and simulated rainfall (Gaasenbeek and Borgsteede, 1998) . Survival of parasite eggs was greatest on wet, shaded plots, with at least 90% egg viability at 8 wk. On sunny (temperature not exceeding 25°C) dry plots, egg survival was least, with a 90% loss of viability observed between 2 and 8 wk. Additionally, increased relative humidity (i.e., from 77.5 to 100%) during the experiment favored egg survival (Gaasenbeek and Borgsteede, 1998) .
Cryptosporidium
Cryptosporidium describes a genus of protozoan parasites that infect a wide range of vertebrates. Several Cryptosporidium spp. exist, most of which are host adapted, but zoonotic strains of C. parvum exist that are associated with outbreaks in several mammalian hosts. Cryptosporidium is an intracellular parasite that typically infects epithelial cells of the small intestine. But infection sites outside the intestinal tract can occur. The life cycle is direct, meaning a period of development outside the host is not required and oocysts are infective immediately when passed from infected hosts. Cryptosporidium spp. are transmitted via contaminated feed and water. Opportunities for human infection exist during exposure to infected livestock, their manure, or contaminated water. Oocysts are environmentally stable; consequently, fecal contamination of the environment can result in waterborne dissemination of oocysts and in human outbreaks associated with drinking and recreational waters. Cryptosporidiosis is a common cause of protozoal diarrhea in humans worldwide. Cryptosporidiosis is reported in swine. Although diarrhea has been the primary clinical sign, many infected pigs have concurrent infections with other enteric pathogens; some pigs apparently do not show any signs of infection. Typically, cryptosporidiosis is an infection of young animals; nursing and weaned pigs are infected more often than sows (Xiao et al., 1994) .
Although no published studies have examined the concentration of Cryptosporidum oocysts in swine manure, Thurston-Enriquez et al. (2005) referenced unpublished data reporting 20 to 90 oocysts found per gram of swine lagoon wastewater. The Cryptosporidium oocyst is a resistant parasitic stage and can retain its viability in typical environmental conditions. Cryptosporidium is much more resistant to decay over a wide range of temperatures (Fayer et al., 2000; Gajadhar and Allen, 2004) . When Cryptosporidium oocysts were inoculated into pig slurries and persistence was measured in unstirred tanks, the time required for a 1-log reduction in oocysts ranged from 133 to 345 d in summer and 217 to 270 d in winter (Hutchison, 2005b) . With the application of Cryptosporidium oocysts to soil blocks followed by intermittent irrigation under laboratory conditions, oocysts could move through some soils for more than 70 d; most oocysts remained in the upper 2 cm of the soil block (Fayer et al., 2000) . In a field trial, land application of lagoon wastewaters to 1.5-m 2 plots followed by simulated rainfall and collection of runoff waters resulted in the recovery of up to 2.2 × 10 6 oocysts (Thurston-Enriquez et al., 2005) .
Giardia intestinalis
Giardia describes a genus of flagellate protozoan parasites of the small intestine that infect a wide range of vertebrates. Three main species have been described: Giardia angilis, Giardia muris, and Giardia intestinalis (Eligio-García and Cortes-Campos, 2005) . Giardia intestinalis, also is known as Giardia duodenalis and Giardia lamblia, is the species known to infect humans (Ali and Hill, 2003 ; Eligio-García and Cortes-Campos, Swine manure and zoonotic pathogens 2005). The life cycle of Giardia is direct, meaning that cysts of Giardia are infective immediately when excreted by infected hosts. The life cycle is short; cysts appear in the feces within 1 or 2 wk after infection in dogs, in which the life cycle is better understood than in swine (Bowman et al., 1999) .
Giardia spp. are known to infect both young and adult swine. Control and prevention of both Giardia and Cryptosporidium infections in pigs are complicated by the short life cycle, the long survival time of the infective stage in the environment, and the potential for rapid reinfection in contaminated housing of confined livestock. Transmission between animal and human hosts typically occurs through ingestion of fecally contaminated water, which can come from a variety of mammalian fecal sources.
The concentration of Giardia cysts in swine lagoon wastewaters can be as great as 1,075 cysts/g (Thurston- Enriquez et al., 2005) , but survival of Giardia cysts seems to be highly temperature dependent (Olson et al., 1999) . For 90% degradation of cysts inoculated into mixed human and swine manure at 5°C, 129 d were required, but only 4 d were required at 25°C (Deng and Cliver, 1992) . Giardia cysts are sensitive to freezing of soil, becoming noninfective after only 7 d at −4°C, but Giardia cysts were recoverable from soils maintained at 4°C for up to 8 wk. Soils maintained at 25°C inactivated Giardia cysts within 1 wk, but Giardia seems to be effectively retained in soil columns; sandy soils reduced cysts by more than 7 log, and gravel soil rarely resulted in breakthrough recovery of cysts (Hijnen et al., 2005) . Up to 3.58 × 10 6 cysts were recovered from 0.75 × 2 m field plots after simulated rainfall (Thurston-Enriquez et al., 2005) . In water, cysts survive less than 14 d at 25°C but survive up to 77 d at 4 to 8°C (Olson et al., 1999) .
Conclusions and Recommendations
Several biological and physical variables drive the still poorly described ecology of microbes in swine manure and their fate in management systems and the environment. An evidence-based, systematic evaluation of studies characterizing the presence and abundance of zoonotic pathogens in swine manure systems and their relative contributions to the environment must be qualitative rather than quantitative in nature. Against the backdrop of a rapidly evolving and diverse industry and the continual development of new scientific methodologies is a complex ecology that cannot be characterized adequately under controlled bench-top conditions or studied adequately under field conditions. The wide variety of microbes, the animal and manure management practices, and the environmental factors that influence the presence, persistence, survival, and transport of pathogens result in an inestimable number of combinations of potential pathogen fates in the environment.
Field studies that have attempted to identify transport of microbes from swine manure management systems through the environment have largely failed to confirm that the source of microbes was indeed the swine manure. In addition, dilution of pathogens in environmental media under natural conditions results in concentrations that are likely to be too small to recover except by molecular methods. Although increased concentrations of pathogens may be added to environmental media in controlled field studies to study these under more natural conditions, the risks associated with intentional introduction of pathogens to the environment are prohibitive to the conduct of research. Consequently, bench-top studies using artificial environments are designed to study the specific environmental effects on pathogens under very controlled conditions, but these fail to adequately capture the myriad processes that influence microbial fate and transport in the natural world. Nonetheless, research has characterized many of the drivers of microbial survival and transport and has provided useful information on the ecology of microbes in swine manure treatment systems and the environment. In light of the scientific gaps in the estimation of the human health risks associated with swine-related zoonotic pathogens, the following recommendations for future research directions are offered:
1. Develop sensitive and quantitative methods of microbial recovery from manure management systems, with an emphasis on methods that recover multiple classes of pathogens at the same time; 2. Continue molecular characterization of pathogens from both animal and human sources to identify important zoonotic pathogens in swine manure and in the environment; 3. Develop methods to source-track microbes in environmental soils, water, and irrigated produce; 4. Design studies examining the environmental and ecological conditions that contribute to off-farm transport of zoonotic pathogens; and 5. Design and conduct quantitative risk assessments for common zoonotic pathogens found in swine manure.
In spite of a technologically advanced industry that places emphasis on animal health and management, zoonotic pathogens are not likely to disappear from swine manure management systems. Although laboratory and environmental field data indicate that there may be a biologically significant amount of viable pathogens in the environment that may be associated with modern swine production, these amounts often are too small to quantify easily. In this setting, quantitative risk assessment may serve to bridge the gap between bench-top studies and environmental science to provide an estimate of the risk, which is difficult to assess using traditional field science methods.
